1. INTRODUCTION Folstad & Karter (1992) put forward the immunocompetence handicap hypothesis (ICHH) to explain the honesty of testosterone (T)-dependent sexual signals. This hypothesis assumes that high-circulating T levels, necessary for the full expression of sexual signals, can also incur a cost due to the immunosuppressive properties of T. Thus, only individuals with a performing immune system might afford the cost of sexual signalling.
Recent work has suggested that T-induced immunosuppression might arise as an indirect consequence of energy redistribution from the immune system to other metabolic demands (e.g. Owen-Ashley et al. 2004) . The high levels of circulating testosterone are often associated with increased metabolic rate and locomotor activity (e.g. Casto et al. 2001) , which could lead to a decrease in energy reserves, constraining the capacity to mount an immune response (e.g. Duckworth et al. 2001) .
Several hormones involved in the regulation of metabolism, reproduction and immunity have been recently discovered (Meier & Gressner 2004) . Leptin is one of them. This hormone is mostly produced in lipogenic tissues (Zhang et al. 1994) and its plasmatic levels are positively correlated with the amount of lipid reserves (Brann et al. 2002) . Recently, it has been suggested that leptin could have evolved as a permissive factor informing the organism about the state of energetic reserves when facing an immune challenge (Demas 2004) . Accordingly, it has been shown that leptin stimulates the cell-mediated immune response in mammals (e.g. Lord et al. 1998 ) and also in a bird species (Lohmus et al. 2004) .
Based on the physiological properties of leptin, we propose here a refinement of the ICHH (figure 1). The expression of sexual displays and immune functioning depend on the amount of energetic reserves available for the organism. Therefore, individuals have to adopt the energy allocation rule that maximizes their fitness. This obviously depends on the amount of energy available and we might expect that endogenous physiological pathways provide reliable information to the organism on the individual-based optimal allocation rule. We suggest that testosterone and leptin might play such a role (figure 1). Testosterone drives resources to sexual signalling at the expenses of immune functioning. Leptin informs the organism on how much reserves it can allocate to the two functions. Depending on its energetic reserves, an individual might afford to develop exaggerated sexual displays without an excessive impairment of its immune defences. Females might gather reliable information on the phenotypic/genetic quality of a mate, because males with low energetic reserves (low levels of circulating leptin) would pay the cost of immunosuppression. This ICHH refinement provides some testable predictions, in addition to those envisaged by Folstad & Karter (1992) : (i) levels of circulating leptin should correlate with immune functioning and the expression of sexual signals and (ii) exogenous administration of leptin should annul the immunosuppressive effect of T. In this article, we focus on this latter prediction.
MATERIAL AND METHODS
Twenty-four male zebra finches (Taeniopygia guttata) were used. These birds had been used in a previous experiment (AlonsoAlvarez et al. 2007) where each individual received a subcutaneous implant filled with testosterone or left empty (nZ12, each group; electronic supplementary material).
The leptin experiment started five weeks after birds were T-implanted. During five consecutive days, birds received daily intraperitoneal injections of recombinant murine leptin (L). The Electronic supplementary material is available at http://dx.doi.org/ 10.1098/rsbl.2007.0020 or via http://www.journals.royalsoc.ac.uk. dose (electronic supplementary material) was adjusted following the previous work in birds ( Lohmus et al. 2004) , although no information on natural leptin levels is available for zebra finches. Control (C) birds were injected daily with 100 ml of phosphate buffered saline (PBS). The experimental groups were: T-implanted birds receiving leptin; T-implanted birds receiving PBS; emptyimplant birds receiving leptin; and empty-implant birds receiving PBS (nZ6 for each group).
Body mass and cell-mediated immune response were assessed the day prior to the start of leptin injections (day 35) and at the end of the experiment (day 40). The immune response was assessed after the injection of a mitogen ( PHA) into the wing-web (electronic supplementary material).
T-birds showed a weaker immune response compared with C birds just prior to the start of leptin injections (meansGs.e.: 0.89G 0.06 mm and 1.22G0.05 mm, T-and C-males, respectively; F 1,22 Z13.67, pZ0.001). There were no initial differences in any other variable (electronic supplementary material).
The effect of T and leptin on immune response and body mass was analysed with repeated-measurement ANOVAs, including both treatments as fixed factors. We reported both the between-and the within-subject effects because the immune response of T-implanted males was already lower than that of C males at the start of leptin injections.
RESULTS
Body mass decreased during the 5 days of the experiment, birds with empty implants lost more mass than T-birds (meanGs.e.: K0.74G0.84 g and K0.17G 0.40 g, respectively). Leptin had no effect on body mass (table 1). The change in body mass (%) during the 5 days of leptin injections was not correlated with the immune response at day 35 (rZK0.116, pZ0.588).
The immune response was affected by both T and leptin treatments (table 2) . The between-subject effects showed a significant effect of testosterone, T-birds having a weaker immune response than C-birds (final value: meanGs.e., 0.83G0.09 mm and 1.26G0.08 mm for T-and C-males, respectively). The within-subject effects showed a significant interaction between testosterone and leptin treatments (table 2) . T-birds treated with leptin increased their immune response compared with those injected with PBS (Tukey's test: pZ0.034; figure 2). As a consequence, the immune response of T-males treated with leptin was statistically indistinguishable from the immune response of birds with empty implants (Tukey's tests: pO0.80). Removal change in body mass from the model only slightly affected the results with the p value of the testosterone by leptin treatment interaction moving from 0.05 to 0.07. T-birds injected with PBS showed a decrease in their immune response (F 1,5 Z10.61, pZ0.023; figure 2).
DISCUSSION
We propose a refinement of the ICHH based on leptin properties. Leptin might provide a reliable endogenous signal on the amount of energetic reserves available for the expression of competing functions, such as sexual signalling and immune functioning. Individuals with large reserves (high amount of leptin) might tolerate the cost of testosterone-based sexual signalling. This extension of the ICHH provides some testable predictions. Here, we tested one of them: exogenous administration of leptin should attenuate the immunosuppressive 272 C. Alonso-Alvarez et al. Leptin and the ICHH effect of T. In spite of a small sample size and low statistical power, the results of our experiment provide some support to the hypothesis. Male zebra finches implanted with T and receiving daily leptin injections resumed values of immune response comparable with those of birds with empty implants, whereas individuals with T implants and PBS injections exhibited the weakest immune response. Actually, the immune response of T-birds receiving PBS injections further decreased between days 35 and 40, reflecting that the immunosuppressive action of testosterone continued through time. These results call for a more comprehensive view of the regulatory mechanisms controlling the allocation of resources to conflicting functions.
During the experiment, all birds tended to lose body mass perhaps as a consequence of handling stress. T-implanted birds were those with the smallest decrease in body mass suggesting that T might have affected food intake. Testosterone affects food intake in male mammals. Gonadectomized male rats and mice have a decreased food intake and this effect is reversed by testosterone treatment (Asarian & Geary 2006) . On the contrary, exogenous administration of leptin can suppress food intake, although the generality of such finding has been discussed (Asarian & Geary 2006) . The observed decrease in body mass might also reflect the cost of mounting an immune response. Although we cannot fully discard this possibility, the lack of correlation between the immune response and the change in body mass makes this explanation unlikely.
The role of leptin in evolutionary biology has been overlooked, even though its properties make it a good candidate for a regulatory role in the allocation of resources to different functions. Leptin plays a key role in energy homeostasis through regulation of food intake and energy expenditure (Brann et al. 2002) . Furthermore, leptin operates as a pivotal modulator of the hypothalamic-pituitary-gonadal axis (Brann et al. 2002) . In mammals, leptin allows the production of gonadal steroids when a certain threshold of fatness is attained, acting as a permissive factor for reproduction (Brann et al. 2002 ; see also the electronic supplementary material for recent findings in birds).
The properties of leptin suggest that this hormone might, in interaction with other hormones such as testosterone, regulate the allocation of resources between sexual signals and immune functioning. Leptin and testosterone blood levels are negatively correlated in mammals (Kiess et al. 1999; Wauters et al. 2000) , and experimental increases of plasma testosterone induce a decrease in leptin concentration (e.g. Kiess et al. 1999; Castrogiovanni et al. 2003) with potentially damaging side-effects on the ability to mount an immune response (review in Faggioni et al. 2001) . However, if individuals are able to maintain a certain level of leptin during the period of sustained testosterone production, the immunosuppressive effect of T could be attenuated or cancelled out. This should only be possible when individuals have enough lipid reserves (leptin is mostly produced in the adipose tissue; Zhang et al. 1994) . Ultimately, this hypothesis implies that T-dependent sexual signals might convey not only information on the performance of the immune system of their bearers, but also on the ability of individuals to manage their energy budget.
Here, we focused on only one prediction, namely that exogenous administration of leptin attenuates the T-induced immunosuppression. Although suggestive, the present results need to be replicated to draw a firm conclusion on the role of leptin. The other predictions of our model should also be tested, in particular, the effect of leptin on the expression of T-dependent sexual traits.
The verbal model presented in this article contributes to open a new perspective on the study of ICHH. An integrative approach including not only steroids but also other hormones related to energy homeostasis (i.e. Meier & Gressner 2004 ) is now required.
